A key objective in the use of immunosuppression after kidney transplantation is to attain the optimal balance between efficacy and safety. In a phase 3b, multicenter, randomized, open-label, noninferiority study, the incidences of clinical events, renal dysfunction, and adverse events (AEs) were analyzed at 12 months in 309 de novo renal transplant recipients receiving everolimus (EVR), low-dose tacrolimus (LTac), and prednisone. Cox proportional hazard regression modeling was used to estimate the probability of clinical events at specified combinations of time-normalized EVR and Tac trough concentrations. At 12 months, the highest incidence of treated biopsy-proven acute rejection (tBPAR) and graft loss occurred most often in patients with EVR trough concentration <3 ng/mL (64.7% and 10.5%, respectively). At 1 month and 12 months, increasing EVR levels were associated with fewer tBPAR events (both p < 0.0001). Low estimated glomerular filtration rate (eGFR) and decreased eGFR occurred more often in patients with lower EVR and higher Tac levels. AEs were most often observed in patients with EVR levels <3 ng/mL. This study supports maintaining an EVR trough concentration of 3-8 ng/mL, when combined with LTac, to achieve balanced efficacy and safety in renal transplant recipients. Trial registration: NCT01025817.
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Introduction
Long-term graft survival in renal transplant patients relies significantly on immunosuppressive agents. Achieving balance between a low rate of acute rejections and avoidance of immunosuppression-related toxicities is a goal in kidney transplantation. The mammalian target of rapamycin (mTOR) inhibitors bind to the immunophilin FKBP12 to block the activity of mTOR, a serine threonine protein kinase involved in the proliferation and clonal expansion of antigen-activated T cells (1, 2) , the main mechanism underlying acute transplant rejection. Kidney transplant patients receiving mTOR inhibitors can benefit from reduced exposure to calcineurin inhibitors (CNIs), which are known to be associated with nephrotoxicity (3), with no loss of immunosuppressive efficacy (4) (5) (6) (7) (8) .
The 24-month CRAD001A2309 study in 833 de novo kidney transplant patients showed that treatment with the mTOR inhibitor everolimus (EVR), particularly at a trough concentration of 3-8 ng/mL, allowed for reduced exposure to the CNI cyclosporine (CsA), while maintaining renal function and a reduced risk of treated biopsyproven acute rejection (tBPAR) (7, 9) . Analyses of the exposure-response relationship provide further support for maintaining an EVR trough concentration of 3-8 ng/ mL, when combined with reduced-exposure CsA (10) . The 2013 Organ Procurement and Transplantation Network and Scientific Registry of Transplant Recipients annual report demonstrated that tacrolimus (Tac), and not CsA, was by far the most frequently used CNI-based de novo regimen for all solid organ transplantation (11) .
Previous studies have shown the combination of EVR and Tac to be safe and well tolerated in renal transplant patients (5, 12, 13 ). An open-label exploratory study assessed EVR and Tac combination treatment in maintenance renal patients and found no pharmacokinetic interactions when these treatments were given simultaneously (14) . The exploratory, open-label, randomized CRAD001AUS09 study also found no pharmacokinetic interactions between concentration-controlled EVR and low-or standard-dose Tac (LTac or sTac, respectively) in 92 de novo renal transplant patients (5) . EVR trough levels >3 ng/mL were necessary to achieve low tBPAR and excellent graft function at 6 months posttransplantation (12) .
Results from the phase 3b, multicenter, randomized, openlabel noninferiority study CRAD001AUS92 demonstrated that EVR with LTac was associated with an increased rejection rate (15) . To correlate efficacy and safety events with EVR and Tac concentrations, we assessed the incidence of posttransplantation tBPAR, graft loss, and other adverse events (AEs) associated with EVR and Tac exposure at 12 months in the CRAD001AUS92 study. Because renal dysfunction at 1 year posttransplantation is known to be associated with poor graft outcome, we also assessed posttransplantation renal function in this population.
Materials and Methods

Study design and conduct
The US92 study methodology and inclusion/exclusion criteria have been described in detail previously (15) . Briefly, in a 12-month, multicenter, randomized, open-label, noninferiority trial, adult recipients of a primary, de novo kidney transplant were randomized (1:1) to one of two treatment arms within 24 h posttransplantation: EVR 0.75 mg twice daily (1.5 mg/day; C0: 3-8 ng/mL) plus induction therapy plus LTac, or mycophenolate mofetil 1 g twice daily (2 g/day) plus induction therapy plus sTac. Only patients randomized to receive EVR and LTac (EVR plus LTac; n = 309) were included in the current analysis. The study was conducted in accordance with the Declaration of Helsinki following approval from the institutional review board at each center and written informed consent was obtained from all patients. Enrollment commenced in January 2010, and the study was completed in March 2013.
Key inclusion criteria included all patients aged 18-70 years and a recipient of a kidney from a deceased donor (including expanded-criteria donor organs and donor organs after cardiac death), living unrelated donor, or non-human leukocyte antigen (HLA) identical living related donor kidney. Key exclusion criteria included cold ischemic time >30 h; ABO incompatible transplants or T-or B-cell cross-match-positive transplant; platelet count <100 000/mm 3 , neutrophil count <1500/mm 3 , or white blood cell count <3000/mm 3 at randomization; history of malignancy; and HIV or hepatitis C or B virus infection or any other systemic infections.
Immunosuppression
Patients received EVR 0.75 mg twice daily as a starting dose, which was adjusted from day 5 to maintain a trough level of 3-8 ng/mL. Patients received Tac and prednisone per local guidelines, with Tac dosing adjusted from day 3 onward to achieve trough levels of 4-7 ng/mL (0-2 months), 3-6 ng/mL (2-6 months), and 2-5 ng/mL (6-12 months). 
Study objectives
The primary objective of US92 was to evaluate the noninferiority of a composite efficacy failure rate (tBPAR, graft loss, death, loss to followup) at month 12 between the treatment groups. In order to investigate the optimal EVR exposure when used in combination with LTac, we present post hoc exploratory analyses to correlate efficacy, renal function, and safety events with EVR and LTac concentrations.
Statistical methods
All efficacy analyses were assessed in the full analysis set (i.e. all randomized patients; n = 309). Renal and safety analyses were assessed in patients in the safety set (i.e. patients who received at least one dose of study drug and provided a postbaseline safety assessment; n = 306).
Only on-treatment renal and safety events were included in the analyses.
As there were too few on-treatment efficacy events to be considered for analysis alone, all efficacy events were included in the analyses. Definitions of renal events are as follows: low eGFR (eGFR <30 mL/min/ 1.73 m 2 ), decreased eGFR (decrease in eGFR by 30% compared to month 1), and proteinuria (urinary protein:creatinine ratio of ≥500 mg/g). Rates of BK virus and cytomegalovirus (CMV) were reported incidences based on AEs and were not gathered prospectively.
No formal testing of differences between patient subpopulations was done. Such testing was not considered statistically valid because patients were not randomized to the drug exposure subpopulations.
Data are based on centrally measured, time-normalized mean trough concentrations for EVR and Tac. EVR and Tac concentrations were determined centrally by using LC-MS/MS. Time-normalized mean trough concentrations were calculated as
i is the blood sampling day for C i , i = 1,. . ., k. D 0 = 7 or the first trough concentration examination date when a trough was obtained after day 7.
Concentrations below the lower limit of quantification (0.4 ng/mL) were set to 0.2 ng/mL. Time-normalized mean EVR and Tac trough concentrations were calculated up to the occurrence of an event or for patients without event, the last on-treatment value.
The influence of EVR or Tac exposure on efficacy, renal, and safety events was assessed by dividing the time-normalized mean trough concentrations into predefined ranges (<3, 3-<6, 6-<8, 8-<12, and ≥12 ng/mL for EVR and <2, 2-<5, 5-<8, and ≥8 ng/mL for Tac).
Cox proportional hazard regression modeling was used to estimate the probability of tBPAR, renal dysfunction events, and high urinary protein: creatinine ratio at specified combinations of time-normalized EVR and Tac trough concentrations in the pharmacokinetics (PK) efficacy population (n = 299), that is, the intention-to-treat (ITT) group minus those patients for whom EVR or Tac levels were not measured.
Results
Patient population
The full analysis set randomized to the EVR + LTac arm consisted of 309 patients. Three individuals were randomized but did not receive study medication and were excluded from the safety set (n = 306). The mean age was 50 years and 67% of patients were male (Table 1) . Of these 309 patients, 293 (94.8%) completed the 12-month study period. A total of 105 (34.0%) patients discontinued the study medication, with over half of these being due to AEs.
Efficacy events
tBPAR: At 12 months posttransplantation, tBPAR had occurred in 59 (19.1%) of 309 patients receiving EVR + LTac ( Table 2 ). The highest rates of tBPAR occurred in patients with EVR trough concentration <3 ng/mL (n = 22/34; 64.7% vs. 14.0% at EVR ≥3 ng/mL), while the lowest tBPAR rates were associated with EVR 6-<8 ng/mL (n = 5/64; 7.8%) ( Table 2) . Of the four patients with Tac <2 ng/mL, two cases of tBPAR were reported (50.0% vs. 19.3% at ≥2 ng/mL).
A Cox proportional hazard regression model was used to estimate the probability of tBPAR at specified combinations of time-normalized EVR and Tac concentrations in the PK efficacy population (n = 299), that is, the ITT group minus those patients for whom EVR or Tac levels were not measured. The lowest EVR and Tac concentrations (EVR <3 ng/mL and Tac <2 ng/mL) showed the highest estimated probability of tBPAR at 1 month ( Figure 1A ) and 12 months ( Figure 1B ) at 19.8% and 58.3%, respectively. According to the Cox model, at 1 month posttransplantation, fewer tBPAR events occurred with increasing EVR levels (p < 0.0001) and with increasing Tac levels (p = 0.0018). At 12 months posttransplantation, increasing EVR levels were associated with fewer events (p < 0.0001), while there was no association between Tac levels and tBPAR (p = 0.5211).
During the first 2 weeks posttransplantation, a higher proportion of the patients with tBPAR were below the EVR target range of 3-8 ng/mL than those who did not have tBPAR (Day 7: 65.3% of patients with tBPAR vs. 53.7% without tBPAR, Day 14: 38.0% of patients with tBPAR vs. 32.4% without tBPAR). The mean EVR trough level at Day 7 was also lower for patients who experienced tBPAR than those that did not (2.62 ng/mL vs. 3.35 ng/mL, respectively).
Graft loss, deaths and loss to follow-up: Graft loss had occurred in 4 of 309 patients (1.3%) at 12 months following transplantation. The highest rate of graft loss occurred at the lowest EVR and Tac concentrations: EVR <3 ng/mL (n = 2/19; 10.5% vs. 0.4% at ≥3 ng/mL) and Tac <2 ng/mL (n = 2/2; 100.0% vs. 0.3% at ≥2 ng/mL) ( Table 2 ). All 4 graft losses occurred during the first month posttransplantation and none were due to rejection: one case each of infarcted kidney, renal artery stenosis, renal vein thrombosis, and acute tubular necrosis.
Death was reported for 6 patients (1.9%) with no obvious associations to treatment trough concentrations (Table 2) . Deaths were evenly distributed across each induction cohort based on immunological risk: 3 deaths occurred in the basiliximab induction cohort and 3 in the thymoglobulin induction cohort. Deaths were due to one case each of myocardial infarction, Pneumocystis jiroveci pneumonia, sepsis, malignant neoplasm, pulmonary embolism, and renal failure. Death in the latter patient occurred on Day 159 posttransplantation and was attributed to renal failure, electrolyte imbalance and arrhythmia. The patient was being treated for a number of medical conditions before undergoing renal transplant, namely hypertension, insulin-dependent diabetes mellitus, hyperlipidemia, hyperphosphatemia, secondary hyperparathyroidism, vitamin D deficiency, hypomagnesemia and fluid retention.
Renal function
Low eGFR and decreased eGFR: At 12 months posttransplantation, of 306 patients, low eGFR was reported in 27 (8.8%) and decreased eGFR in 55 (18.0%) receiving EVR+LTac (Table 3 ). The highest incidence rates of both renal dysfunction measures occurred in patients with EVR <6 ng/mL (low eGFR: n = 23/227; 10.1% vs. 5.6% at EVR ≥6 ng/mL; decreased eGFR: n = 47/225; 20.9% vs. 10.8% at EVR ≥6 ng/mL) and Tac ≥5 ng/mL (low eGFR: n = 22/199; 11.1% vs. 0.5% at Tac <5 ng/mL; decreased eGFR: n = 46/204; 22.6% vs. 9.5% at Tac <5 ng/mL).
A Cox proportional hazard regression model was used to estimate the probability of low eGFR ( Figure 2A ) and decreased eGFR ( Figure 2B ) at 12 months in the PK efficacy population. According to the Cox model, the estimated probability of low eGFR and decreased eGFR at 12 months were both highest at lower EVR trough concentrations (p = 0.0006 and p = 0.0016, respectively). By contrast, higher Tac levels were associated with an increase in the estimated probability of low eGFR and decreased eGFR at 12 months (p = 0.0085 and p = 0.0376, respectively).
Analysis of eGFR rates in those patients who did not have graft rejection demonstrated that patients with lower EVR levels had lower eGFR values (p = 0.0109 for low eGFR and p = 0.0035 for decreased eGFR).
Proteinuria: According to the Cox model, the estimated probability of proteinuria (urinary protein: creatinine ratio of ≥500 mg/g) at 12 months was highest with decreasing EVR concentration (p = 0.0024) ( Figure 2C ). By contrast, the estimated probability of proteinuria was higher with increasing Tac trough levels (p < 0.0001).
Safety
Incidence rates of AEs at month 12 posttransplantation stratified by EVR and Tac trough concentration are shown in Table 4 . Of the 306 patients assessed in the safety set, 68 patients (22.2%) discontinued study medication due to an AE, with the most common reason for discontinuation being BK viral infection (n = 7; 2.3%).
Of 306 patients, wound healing events occurred in 89 individuals (29.1%), with the most frequent occurrence in those with EVR <3 ng/mL (n = 35/49; 71.4% vs.
19.3% at ≥3 ng/mL) and Tac <2 ng/mL (n = 4/5; 80.0% vs. 27.2% at ≥2 ng/mL). Peripheral edema (n = 116/306 [37.9%]) also occurred most often in the same patient population, with highest incidence at EVR <3 ng/mL (n = 52/68; 76.5% vs. 25.7% at ≥3 ng/mL) and Tac <2 ng/mL (n = 10/12; 83.3% vs. 35.5% at ≥2 ng/mL). The incidence of new onset diabetes (NODM) (n = 25/ 306 [8.2%]) showed a similar pattern, occurring most often in patients with EVR <3 ng/mL (n = 6/24; 25.0% vs. 5.2% at ≥3 ng/mL) and Tac <2 ng/mL (n = 3/5; 60.0% vs. 5.9% at ≥2 ng/mL). Interestingly, although incidence was highest for these AEs at the lowest EVR and Tac levels, the second highest rates of both woundhealing events and peripheral edema were at EVR and Tac levels ≥8 ng/mL (Table 4) .
At 12 months posttransplantation, BK viral infection occurred in 31 of 306 patients (10.1%), and was most frequent at EVR <3 ng/mL (n = 4/21; 19.0% vs. 9.7% at ≥3 ng/mL) and Tac ≥8 ng/mL (n = 6/23; 26.1% vs. 9.1% at <8 ng/mL). The incidence of stomatitis or oral ulcers (n = 10/306 [3.3%]) was also highest at Tac ≥8 ng/mL (n = 2/19; 10.5% vs. 2.9% at <8 ng/mL) but did not show any discernible association with EVR levels.
CMV infection was reported in only 7 of 306 patients (2.3%), with the highest incidence rate in those with Tac ≥5 ng/mL (n = 6/196; 3.1% vs. 1.0% at <5 ng/mL). Hypertriglyceridemia (n = 41/306 [13.4%]) also occurred most often in the Tac ≥5 ng/mL group (n = 38/203; 18.7% vs. 3.1% at <5 ng/mL) but did not show any discernible association with EVR levels.
Hypercholesterolemia occurred in 175 of 306 patients (57.2%) and incidence rates did not clearly associate with increased or decreased levels of EVR or Tac.
Discussion
Management of immunosuppression after solid organ transplantation is associated with the well-known difficulty of finding the right balance between appropriate efficacy to prevent organ rejection and optimal safety (16) (17) (18) (19) . Kidney transplant patients receiving immunosuppressive therapy with mTOR inhibitors can benefit from less nephrotoxicity by reducing their exposure to CNIs (3-8).
There is a paucity of published data on the use of EVR in combination with Tac in de novo renal transplant recipients. Here, we present post hoc exploratory analyses from the US92 study to correlate efficacy, renal function, and safety events with specific EVR and LTac trough concentrations. For all patients receiving EVR+LTac in this study, EVR whole blood trough levels were targeted to be maintained between 3 and 8 ng/mL, with Tac trough concentrations adjusted in fixed intervals to reduce from 4 to 7 ng/mL at day 28 to 2-5 ng/mL at month 12.
Here we demonstrate a low incidence of tBPAR and graft loss at an EVR trough level of ≥3 ng/mL with Tac concentration above 2 ng/mL at 12 months in de novo kidney transplant patients. These findings indicate that EVR trough levels ≥3 ng/ml are most highly associated with reduced incidence of tBPAR, meaning that underexposing de novo kidney transplant patients to EVR may lead to an increased rate of graft rejection.
At 12 months posttransplantation, the estimated probability of renal dysfunction was highest at decreasing EVR trough concentrations, regardless of whether this outcome was assessed by low eGFR, decreased eGFR, or proteinuria. By contrast, as Tac levels increased, so did the estimated probability of low eGFR and decreased eGFR at 12 months, showing that the renal dysfunction was predominantly driven by increased exposure to Tac. These findings demonstrate that an increased dose of EVR in combination with reduced exposure to Tac is the optimal regimen to preserve renal function in this patient cohort following kidney transplantation. This finding is not consistent with analyses of US09 trial data that showed renal function at 6 months posttransplantation was unaffected by EVR or Tac levels (12) .
Analysis of eGFR rates in those patients who did not have graft rejection demonstrated that patients with lower EVR levels still had lower eGFR values, suggesting that the lower eGFR observed in patients with EVR trough concentration <3 ng/mL was not attributable to the increased rejection rate in this population.
Wound-healing events and peripheral edema occurred least frequently at the target EVR range of 3-8 ng/mL, in agreement with findings on a similar patient cohort receiving EVR and reduced CsA (6) . A lower incidence of other AEs was generally observed in patients with EVR concentrations ≥6 ng/mL and with Tac concentrations <5 ng/mL. The highest rates of wound-healing events, peripheral edema, NODM, BK viral infection, and stomatitis or oral ulcers occurred at the lowest EVR trough concentration <3 ng/mL. Factors other than EVR or Tac levels, such as surgical techniques, baseline diabetes status, and body mass index, may have played a role in the increased rate of wound healing events. Investigators may have kept the drug levels lower, knowing these phenotypical characteristics.
There were no events that were unexpected for this disease indication and patient population. Overall, the safety findings were consistent with the known safety profile of both EVR and Tac.
Several limitations to the current post hoc analysis need to be considered. Of note, many categories had few patients in the denominator, making interpretation of the results difficult. For example, because EVR levels were targeted to be maintained between 3 and 8 ng/mL, the highest and lowest trough concentrations were represented by fewer patients than the targeted range. In addition, renal dysfunction and AEs are less time dependent than rejection, so while increased renal and safety events can be attributed to rising Tac exposure, it is less clear for rejections, because Tac levels were higher in the first period of this study by design. Finally, the need to adjust EVR and Tac trough levels throughout the study required an unblinded design, which introduces the potential for bias in how AEs were reported.
In summary, the US92 study provides evidence that a regimen combining EVR 3-8 ng/mL and a low dose of Tac allows for good efficacy, excellent renal function, and a favorable safety profile at 12 months posttransplantation. Underexposing patients to EVR may lead to an increased rate of rejection and an increased incidence of AEs. Renal dysfunction was higher with increased Tac trough concentrations and with decreased EVR trough concentrations. Collectively, these findings further support the importance of maintaining an EVR trough concentration of 3-8 ng/mL, when combined with LTac, to achieve balanced efficacy and safety in renal transplant recipients.
